Inoculation with an active starter culture was assured by plating out the culture prior to the fermentation. Individual colonies were selected for glycerol productivity in 500-ml shake flask fermentations. Parallel agar slant cultures of those tested were carried. and the fermentation was inoculated with a culture of proven glycerol formation capacity.
A conventional stirred, aerated, and baffled 60-liter stainless-steel fermentor was used for the slow-feed process. Oxygen transfer efficiency of the fermentor, measured as the rate of sulfite oxidation (1), was a relatively high 2.7 mmoles per liter per min. Sparged air flow was adjusted to a rate such that about 5% of the oxygen was removed from the input air. This rate assured adequate dissolved oxygen concentrations and was convenient for quantitative carbon dioxide and oxygen measurements in the effluent gas of the fermentation. The fermentor was fitted with rubber diaphragm-covered ports to accept syringe needles for aseptic substrate addition. Samples were removed through inplace steam-sterilizable sample discharge ports.
The pH was maintained at 4 by addition of KOH on demand. Respiration was quantitatively monitored with a paramagnetic oxygen analyzer and an infrared carbon dioxide analyzer. The analyzers accepted a portion of the effluent gas stream from the fermentor, recording per cent carbon dioxide and oxygen in the effluent gas. Sparged air flow rate was monitored with a rotometer, and for quantitative measurements the total effluent gas over an appropriate time interval was measured with an inplace volumetric wet test meter.
Glycerol accumulation was monitored by the chromatropic method of Neish (3). Paper chromatography indicated that the product was free from other polyhydric alcohols which sometimes occur in this type of fermentation. The solvent system was n-butanol-pyridine-water (10:3:3). Dried chromatograms were developed by dipping into a solution of ammoniacal silver nitrate in acetone.
Sugar concentration was maintained by addition of a warm 70% glucose solution at about 36-hr intervals. Since glucose was the only component contributing to the optical rotation of the fermentation broth, the glucose concentration was conveniently monitored with a small polarimeter. As the glucose concentration approached 0.1%, additional substrate was pumped in, increasing the substrate level to about 8%. Acidified samples were centrifuged and frozen for later more careful glucose determination with an analytical polarimeter. These data are shown in Fig. 1 .
The fermentation was continued until glycerol production and metabolic activity fell off after 10 days of operation. During this time, glycerol accumulated to a concentration of 17%. Metabolic activity fell off at 196 hr asshowninFig. 1, but was quickly restored by replenishing the depleted-nitrogen source.
RESULTS
Phosphate was the cell growth-limiting factor in this system, and was undetectable after 30 hr, tion of budded to single cells did not change throughout the fermentation, and some ruptured cell debris became apparent after the 3rd day. Thus, the phosphate source for continued growth and metabolic activity was probably autolyzed spent cells.
To assure that the metabolic products of the fermentation were properly accounted for, oxidation-reduction and carbon balances were assembled from the analytical data. Measured metabolic products produced over the first 45 hr accounted for 94% of the glucose utilized. Of the carbon recovered during that period, 23% was present as cell material, 30% as glycerol, 47% as carbon dioxide, and 0.1% as ethyl alcohol. No volatile acids were present.
Rates of substrate utilization and product formation at a time shortly after the cell growth phase were used to form a complete fermentation balance (Table 1) . Glucose was taken as the reference oxidation state. The net oxidation level of the products recovered was similar to that of substrates utilized, as shown by the algebraic sum of the oxidation state change of reactants and products of approximately zero.
The volume of the fermentation was nearly doubled during the course of the process by the addition of large quantities of glucose. This together with the sample removed was corrected for in the fermentation balance data and figures presented. Calculations for these purposes were based on the original volume of the fermentation. This is equivalent to basing conversion rates on the total phosphate content.
After 10 days of operation, the glycerol concentration had reached 17% in the fermentor. The supernatant fluid was clear and nearly colorless. Chromatography indicated glycerol as the only product accumulating other than cells.
About half the lactate added as ammonium lactate for a nitrogen source was conserved during the fermentation.
DISCUSSION
If a small correction is made for carbon dioxide production associated with cell growth during the glycerol production phase of the fermentation, the products carbon dioxide and glycerol are produced in a 3:1 molar ratio. Glucose is converted to glycerol on an equal molar basis; thus, the net reaction catalyzed by the fermentation can be represented: 2 glucose + 502 -2 glycerol +6 CO2 + 4 H20
The ratio of carbon dioxide to oxygen in this equation is 1.20, as compared with a measured respiratory quotient of 1.17. Thus, the efficiency of this fermentation is about 50%.
Nitrogen-limited growth or a brief period of anaerobiosis reduce the glycerol formation capacity of the fermentation. The glycerol conversion process is dependent on a phosphate deficiency, possibly as a means of suppressing operation of the normally weak aerobic system and the use of glycerol as the end product of a hydrogen sink. This is maintained over extended periods by recycling of the existing phosphate, with the continual growing and lysing process in the slow-feed fermentation.
Thus, in the slow-feed process the glycerol production period is greatly extended without changing the rate of glycerol production, and avoiding some loss of time and efficiency by reducing the time and material expended in the cell growth phase. The final product is fairly pure and at reasonably high concentration.
